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A criterion to identify the equilibration time in lipid bilayer simulations
Rodolfo D. Porasso,1 J.J. L opez Cascales,2
With the aim of establishing a criterion for identifying when a lipid bilayer has reached
steady state using the molecular dynamics simulation technique, lipid bilayers of dierent
composition in their liquid crystalline phase were simulated in aqueous solution in pres-
ence of CaCl2 as electrolyte, at dierent concentration levels. In this regard, we used two
dierent lipid bilayer systems: one composed by 288 DPPC (DiPalmitoylPhosphatidyl-
Choline) and another constituted by 288 DPPS (DiPalmitoylPhosphatidylSerine). In this
sense, for both type of lipid bilayers, we have studied the temporal evolution of some lipids
properties, such as the surface area per lipid, the deuterium order parameter, the lipid
hydration and the lipid-calcium coordination. From their analysis, it became evident how
each property has a dierent time to achieve equilibrium. The following order was found,
from faster property to slower property: coordination of ions  deuterium order parameter
> area per lipid  hydration. Consequently, when the hydration of lipids or the mean area
per lipid are stable, we can ensure that the lipid membrane has reached the steady state.
I. Introduction
Over the last few decades, dierent computational
techniques have emerged in dierent elds of sci-
ence, some of them being extensively implemented
and used by a great number of scientists around
the globe. Among others, the Molecular Dynamics
(MD) simulation is a very popular computational
technique, which is widely used to obtain insight
with atomic detail of steady and dynamic proper-
ties in the elds of biology, physics and chemistry.
In this regard, a critical aspect that must be iden-
tied in all the MD simulations is related to the re-
quired equilibration time to achieve a steady state.
E-mail: rporasso@unsl.edu.ar
1 Instituto de Matem atica Aplicada San Luis (IMASL) -
Departamento de F sica, Universidad Nacional de San
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2 Universidad Polit ecnica de Cartagena, Grupo de Bioin-
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This point is crucial in order to avoid simulation ar-
tifacts that could lead to wrong conclusions. Cur-
rently, with the increment of the computing power
accessible to dierent investigation groups, much
longer simulation trajectories are being carried out
to obtain reliable information about the systems,
with the purpose of approaching the time scale of
the experimental phenomena. However, even when
this fact is objectively desirable without further ob-
jections, nowadays, much longer equilibration times
are arbitrarily being required by certain reviewers
during the revision process. From our viewpoint,
this should be thoroughly revised due to the follow-
ing two main reasons: rst, because it results in a
limiting factor in the use of this technique by other
research groups which cannot access to very ex-
pensive computing centers (assuming that authors
provide enough evidence of the equilibration of the
system). Second, to avoid wasting expensive com-
puting time in the study of certain properties which
do not require such long equilibration times, once
the steady state of the system has been properly
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identied.
Phospholipid bilayers are of a high biological rele-
vance, due to the fact that they play a crucial role in
the control of the diusion of small molecules, cell
recognition, and signal transduction, among oth-
ers. In our case, we have chosen the Phosphatidyl-
Choline (PC) bilayer because it has been very well
studied by MD simulations [1{7] and experimen-
tally as well [8{14]. Furthermore, studies of the
eects of dierent types of electrolytes on a PC bi-
layer have also been studied, experimentally [15{24]
and by simulation [25{33].
As mentioned above, the Molecular Dynamics
(MD) simulations have emerged during the last
decades as a powerful tool to obtain insight with
atomic detail of the structure and dynamics of lipid
bilayers [34{36]. Several MD simulations of mem-
branes under the inuence of dierent salt con-
centrations have been carried out. One of the
main obstacles related to these studies has been
the time scale associated to the binding process of
ions to the lipid bilayer. Considering the literature,
a vast dispersion of equilibration times associated
to the binding of ions to the membrane has been
reported, where values ranging from 5 to 100 ns
have been suggested for monovalent and divalent
cations [25, 27{29, 32, 37, 38]. In this regard, we
carried out four independent simulations of a lipid
bilayer formed by 288 DPPC in aqueous solutions,
for dierent concentrations of CaCl2 to provide an
overview of their equilibration times. Among other
properties, the surface area per lipid, the deuterium
order parameters, lipid hydration and lipid-calcium
coordination were studied.
Finally, in order to generalize our results, a bi-
layer formed by 288 DPPS in its liquid crystalline
phase, in presence of CaCl2 at 0.25N, was simulated
as well .
II. Methodology
Dierent molecular Dynamics (MD) simulations of
lipid bilayer formed by 288 DPPC were carried out
in aqueous solutions for dierent concentrations of
CaCl2, from 0, up to 0.50 N. Furthermore, with
the aim of generalizing our results, a bilayer of 288
DPPS in presence of CaCl2 at 0.25 N was simulated
as well. Note that the concentration of CaCl2 in
terms of normality is dened as:
Type of Lipid [CaCl2] N Ca
2+ Cl
  Water
DPPC 0 0 0 10068
DPPC 0.06 5 10 10053
DPPC 0.13 12 24 10032
DPPC 0.25 23 46 9999
DPPC 0.50 46 92 9930
DPPS 0.25 204 120 26932
Table 1: The simulated bilayer systems. Note that
the salt concentration is given in normal units. The
numerals describe the number of molecules con-
tained in the simulation box.
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Figure 1: Structure and atom numbers for DPPC
and DPPS used in this work.
normality =
nequivalent grams
lsolution
(1)
where nequivalent grams =
gr(solute)
equivalent weight and
equivalent weight =
Molecular weight
n , being n the
charge of the ions in the solution.
In Table 1, the number of molecules that consti-
tute each system, applying Eq. (1), is summarized.
To build up the original system, a single DPPC
lipid molecule, or DPPS lipid (Fig. 1), was placed
with its molecular axis perpendicular to the mem-
brane surface (xy plane). Next, each DPPC, or
DPPS, was randomly rotated and copied 144 times
on each leaet of the bilayer. Finally, the gaps ex-
isting in the computational box (above and below
the phospholipid bilayer) were lled using an equi-
librated box containing 216 water molecules of the
extended simple point charge (SPC/E) [39] water
model.
Thus, the starting point of the rst system of
Table 1 was formed by 288 DPPC in absence of
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CaCl2. Once this rst system was generated, the
whole system was subjected to the steepest de-
scent minimization process to remove any excess
of strain associated with overlaps between neigh-
boring atoms of the system. Thereby, the following
DPPC systems in presence of CaCl2 were gener-
ated as follows: to obtain a [CaCl2]=0.06 N, 15
water molecules were randomly substituted by 5
Ca2+ and 10 Cl . An analogous procedure was ap-
plied to the rest of the systems, where 36, 69 and
138 water molecules were substituted by 12, 23 and
46 Ca2+ and 24, 46 and 92 Cl , to obtain a [CaCl2]
concentration of 0.13 N, 0.25 N and 0.50 N, respec-
tively. Finally, the DPPS bilayer was generated fol-
lowing the same procedure described above for the
DPPC, starting from a single DPPS molecule and
once the lipid bilayer in presence of water passed
the minimization process, 324 water molecules were
substituted by 204 Ca2+ and 120 Cl  (note that
144 of the 204 calcium ions were added to balance
the negative charge associated with the DPPS).
GROMACS 3.3.3 package [40,41] was used in the
simulations, and the properties showed in this work
were obtained using our own code. The force eld
proposed by Egberts et al. [2] was used for the
lipids, and a time step of 2 fs was used as integra-
tion time in all the simulations. A cut-o of 1.0
nm was used for calculating the Lennard-Jones in-
teractions. The electrostatic interaction was evalu-
ated using the particle mesh Ewald method [42,43].
The real space interaction was evaluated using a
0.9 nm cut-o, and the reciprocal space interaction
using a 0.12 nm grid with a fourth-order spline in-
terpolation. A semi-isotropic coupling pressure was
used for the coupling pressure bath, with a refer-
ence pressure of 1 atm which allowed the uctu-
ation of each axis of the computer box indepen-
dently. For the DPPC bilayer, each component of
the system (i.e., lipids, ions and water) was coupled
to an external temperature coupling bath at 330 K,
which is well above the transition temperature of
314 K [44,45]. For DPPS bilayer, each component
of the system was coupled to an external temper-
ature coupling bath at 350 K, which is above the
transition temperature [46,47]. All the MD sim-
ulations were carried out using periodic boundary
conditions. The total trajectory length of each sim-
ulated system was of 80 ns of MD simulation, where
the coordinates of the system were recorded every
5 ps for their appropriate analysis.
Finally, in order to study the eect of the temper-
ature, only the case corresponding to 0.25 N CaCl2
was investigated at two additional temperatures,
340 K and 350 K.
III. Results and discussion
i. Eect of the CaCl2 concentration
a. Surface area per lipid
Surface area per lipid hAi is a property of lipid
bilayers which has been accurately measured from
experiments [48]. The calculation of mean area per
lipid can be determined from the MD simulation
as:
hAi =
x  y
N
(2)
where x and y represent the box sizes in the direc-
tion x and y (perpendicular to the membrane sur-
face) over the simulation, and N is the number of
lipids contained in one leaet, in our case N = 144.
Focusing on the study of the time evolution of
the area per lipid, Figure 2 depicts the running
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Figure 2: Running area per lipid at T = 330 K
in presence of [CaCl2] at (A) 0.06 N, (B) 0.13 N,
(C) 0.25 N, (D) 0.50 N and (E) 0.25 N (in this
case, T = 350 K). Solid lines represent the mean
area obtained from the last 70 ns of the simulated
trajectories (see text for further explanation). The
type of lipid is indicated in the legends.
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surface area per lipid for dierent concentrations
of CaCl2 and type of lipid. In general, for the 5
bilayers formed by DPPC or DPPS, the area per
lipid achieved a steady state after 10 ns of simula-
tion, being this equilibration time almost indepen-
dent of the concentration of CaCl2 and type of lipid
which composed the membrane.
In absence of salt, an average area per lipid of
hAi = 0:663  0:008 nm2 was calculated from the
last 70 ns of the simulated trajectory, discarding
the rst 10 ns corresponding to the equilibration
time. This value agrees with experimental data,
where values in a range from 0.55 to 0.72 nm2 have
been measured [10,11,48{51]. Table 2 shows the
mean surface area per lipid (again, after discarding
the equilibration time of 10 ns) with their corre-
sponding error bar.
From the simulation results, a shrinking in the
surface area per lipid with the increment of the
ionic strength of the solution is observed. This
shrinking is expected and attributed to the com-
plexation of lipid molecules by calcium, such as it
has been pointed out in previous studies [28,29,52].
b. Deuterium order parameter
The deuterium order parameter, SCD, is measured
from 2H-NMR experiments. This parameter pro-
vides relevant information related to the disorder of
the hydrocarbon region in the interior of the lipid
bilayers by measuring the orientation of the hydro-
gen dipole of the methylene groups with respect
to the perpendicular axis to the lipid bilayer. Due
to the fact that hydrogens of the lipid methylene
groups (CH2) have not been taken into account (in
an explicit way) in our simulations, the order pa-
rameter  SCD on the i + 1 methylene group was
dened as the normal unitary vector to the vector
dened from the i to the i+2 CH2 group and con-
tained in the plane formed by the methylene groups
i, i + 1 and i + 2. Thus, the deuterium order pa-
rameter  SCD on the i   th of the CH2 group can
be estimated by Molecular Dynamics simulations
as follows:
 SCD =
1
2
h3cos2()   1i (3)
where  is the angle formed between the unitary
vector dened above and the z axis. The expres-
sion in brackets h:::i denotes an average over all
Type of [CaCl2] N hAi (nm
2) Hydration
Lipid Number
DPPC 0 0.663 0.008 1.758 0.009
DPPC 0.06 0.658 0.008 1.740 0.009
DPPC 0.13 0.651 0.007 1.719 0.010
DPPC 0.25 0.641 0.009 1.680 0.015
DPPC 0.50 0.628 0.010 1.610 0.015
DPPS 0.25 0.522 0.007 2.552 0.010
Table 2: Area per lipid and lipid hydration number
as a function of salt concentration (see text for fur-
ther explanation). Note that the salt concentration
is given in normal units. Error bars were calculated
for each system separately from subtrajectories of
10 ns length. Simulation temperature = 330 K.
the lipids and time. Hence, note that the  SCD
can adopt any value between -0.5 (corresponding
to a parallel orientation to the lipid/water inter-
face) and 1 (oriented along the normal axis to the
lipid bilayer).
Figure 3 shows the running  SCD for dierent
carbons of the DPPC and DPPS tails and salt con-
centrations. Only the carbons which correspond to
the initial (hydrocarbons 2 and 6), the middle (hy-
drocarbon 10) and nal (hydrocarbons 13 and 15)
methylene groups of the lipid tails were depicted
in this gure. Each point of the gure represents
the average values of  SCD over 5 ns of subtrajec-
tory length, and the lines represent the mean val-
ues calculated from the last 70 ns of the trajectories
simulated. From this gure, it is observed how in
all the cases, the required equilibration time is less
than 10 ns of simulation time, independently of the
salt concentration and the type of lipid. Finally, it
is noted that Figure 3 exhibits an increase in the
deuterium order parameters with the salt concen-
tration, consistent with the shrinking of the area
per lipid described above.
c. Lipid hydration
To analyze the lipid hydration, the radial distri-
bution function g(r) of water around one of the
oxygens of the phosphate group (atom number 10
in Fig. 1 for DPPC and DPPS) was calculated.
The radial distribution function g (r) is dened as
follows:
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Figure 3: Running deuterium order parameter,
 SCD, in presence of [CaCl2] at (A) 0.06 N, (B)
0.13 N, (C) 0.25 N, (D) 0.50 N and (E) 0.25 N.
DPPC simulations were performed at 330 K and
DPPS simulation temperature was 350 K. Solid
lines represent mean values  SCD obtained from
the last 70 ns of the simulated trajectories. The
type of lipid is indicated in the legends. Symbols:
 hydrocarbon 2;  hydrocarbon 6; / hydrocarbon
10; + hydrocarbon 13 and  hydrocarbon 15. Note
that the error bars have the same size as symbol.
g(r) =
N(r)
4r2r
(4)
where N (r) is the number of atoms in a spherical
shell at distance r and thickness r from a reference
atom.  is the density number taken as the ratio of
atoms to the volume of the total computing box.
From numerical integration of the rst peak of
the radial distribution function, the hydration num-
bers can be estimated for dierent atoms of the
DPPC or DPPS. Figure 4 depicts the hydration
number of phosphate oxygen (atom 10 in Fig. 1
for DPPC and DPPS) in presence of CaCl2, where
each point represents the average of 5 ns subtrajec-
tory length. These results show how this property
reached a steady state for the cases (A), (B) and
(E), after 10 ns of simulation. However, for the
cases (C) and (D), 5 ns of extra simulation trajec-
tory were required to reach a steady state. Table 2
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Figure 4: Hydration number of the phosphate oxy-
gen (atom 10 in Fig. 1) along the simulated tra-
jectories in presence of [CaCl2] at (A) 0.06 N, (B)
0.13 N, (C) 0.25 N, (D) 0.50 N (for DPPC T =
330 K) and (E) 0.25 N. In this case, T = 350 K.
Solid lines represent the mean value of the hydra-
tion number calculated from the last 70 ns of the
simulated trajectories. The type of lipid is indi-
cated in the legends. Note that the error bars have
the same size as symbol.
shows the hydration numbers for the last 70 ns of
the trajectory length, corresponding to four concen-
trations of CaCl2 and both types of lipids, DPPC
and DPPS. In this regard, from Fig. 4, the signif-
icant lipid dehydration with the increment of the
ionic strength of the solution is evident, in good
accordance with previous results [52].
d. Phospholipid-calcium coordination
Some authors have reported how the lipid coordi-
nation by divalent cations widely varies . Thus, on
the one hand, some authors [25] have reported that
this is a very slow process, which requires about 85
ns of simulation time, but, on the other hand, other
authors [26] have suggested that this process results
much more rapid, taking less than 1 ns. In this
sense, the coordination of DPPC-Ca2+ was studied
by monitoring the oxygen-calcium coordination of
the carbonyl oxygens (atoms 16 and 35 in Fig. 1)
and phosphate oxygens (atoms 9 and 10 of DPPC
040005-5Papers in Physics, vol. 4, art. 040005 (2012) / R D Porasso et al.
1
2
3
4
5
N
(A)
0
25
50
75
100
0
3
6
9
12
N
(B)
0
25
50
75
100
0
5
10
15
20
25
N
(C)
0
25
50
75
100
0 10 20 30 40 50 60 70 80
time (ns)
0
15
30
45
N
(D)
0 10 20 30 40 50 60 70 80
time (ns)
0
25
50
75
100
Figure 5: Left column represents the number of
Ca2+ coordinated to lipids in presence of [CaCl2]
at (A) 0.06 N, (B) 0.13 N, (C) 0.25 N and (D) 0.50
N, for T = 330 K. Right column shows the quantity
of calcium ions coordinated to lipids expressed in
percentage, along the simulated trajectory.
in Fig. 1), as a function of time. The left column
in Fig. 5 represents the oxygen coordination num-
ber, while the right one depicts the percentage of
calcium ions involved in the coordination process
with respect to the total number of calcium ions
present in the aqueous solution. Figure 5 shows
how the DPPC coordination by calcium is a quick
process, taking less than 5 ns of simulation time
to achieve a steady state. The kinetic of this pro-
cess appears to be related to the ratio between cal-
cium/lipid. Thus, after the rst 5 ns of simulation
time, the Ca{lipid coordination presents some uc-
tuation along the rest of the simulated trajectory.
However, in Fig. 5 (A) and (B) (for the cases of
lower concentration), it is observed how the per-
centage of coordination uctuates between a 60%
and a 100%. We consider that this broad uctu-
ation is related to the limited sample size of our
simulations that introduces a certain noise in our
results.
ii. Eect of temperature
This section focuses on the study of the role played
by temperature on the equilibration process. In
this regard, only the system corresponding to a
T (K) hAi (nm2) Hydration Number
330 0.642 0.009 1.680  0.010
340 0.650 0.007 1.683  0.020
350 0.666 0.008 1.689  0.015
Table 3: Area per lipid and the lipid hydra-
tion number as a function of temperature. Error
bars were calculated from subtrajectories of 10 ns
length. DPPC bilayer in presence of [CaCl2] = 0.25
N.
concentration of 0.25 N in CaCl2 was studied, for
a range of temperatures from 330 K to 350 K (all
of them above the transition temperature of 314 K
[44,45] for the DPPC).
Figure 6 shows the running area along the trajec-
tory. In this case, it was noticed how the systems
achieve a steady state after a trajectory length of
roughly 10 ns, where Table 3 shows the mean area
per lipid calculated from the last 70 ns of simu-
lation time. Figure 7 shows the deuterium order
parameter of the methylene groups along the lipid
tails, calculated from Eq. (3). Figure 7, on the
one hand, clearly shows that for the three temper-
atures the systems have reached the steady state
before the rst 10 ns of simulation. On the other
hand, it shows an increase in the disorder of the
lipid tails with temperature, which is closely re-
lated with the increase of the area per lipid, such
as it was pointed out above. Figure 8 depicts the
results of the hydration numbers of DPPC for the
three temperatures studied, where the equilibrated
state was achieved after 10 ns of simulation time.
Table 3 provides the calculated hydration numbers
in the equilibrium, showing how the lipid hydra-
tion remained invariable with the rising of the tem-
perature. Concerning the lipid-calcium coordina-
tion, Fig. 9 represents the lipid-calcium coordina-
tion number, and the right column represents the
calcium that participates in the coordination ex-
pressed in percentage respect the total of calcium
ions in solution. From simulation, it becomes ev-
ident how calcium ions required less than 5 ns to
achieve an equilibrated state for the three temper-
atures studied. In summary, for all the properties
studied in this section, a slight decrease in the equi-
libration time with the increasing temperature was
appreciated.
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Figure 7: Deuterium Order Parameter,  SCD,
along the simulated trajectory for a concentration
of [CaCl2] = 0.25 N, for the following temperatures:
(A) T = 330 K, (B) T = 340 K and (C) T = 350
K. Solid lines represent the average order parame-
ter for the last 70 ns of simulation. Note that the
error bars have the same size as symbol.
IV. Conclusions
The present work deals with the simulation time re-
quired to achieve the steady state for a lipid bilayer
system in presence of CaCl2. In this regard, we
studied two dierent systems: one with DPPC and
another one with DPPS bilayer; both systems in
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Figure 8: Hydration number of phosphate oxygen
(atom 10 in Fig. 1) along the simulated trajectories
for a [CaCl2] = 0.25 N at dierent temperatures:
(A) T = 330 K, (B) T = 340 K and (C) T = 350 K.
Solid lines represent the average hydration number
for the last 70 ns of simulation. Note that the error
bars have the same size as symbol.
presence of CaCl2 (at dierent level concentration).
The salt free case was also studied, as control. The
analysis of various lipid properties studied here in-
dicates that some properties reach the steady state
more quickly than others. In this sense, we found
that the area per lipid and the hydration number
are slower than the deuterium order parameter and
the coordination of cations. Consequently, to en-
sure that a system composed by a lipid bilayer has
reached a steady state, the criterion that we pro-
pose is to show that the area per lipid or the hy-
dration number have reached the equilibrium.
From our results, two important aspects should
be remarked:
1. The equilibration time is strongly depen-
dent on the starting conformation of the sys-
tem. Wrong starting conformations will re-
quire much longer equilibration times, even of
one order of magnitude higher than the re-
quested from a more rened starting confor-
mation.
2. Temperature is a critical parameter for reduc-
ing the equilibration time in our simulations,
due to the fact that higher temperatures in-
crease the kinetic processes, i.e., the sampling
of the congurational space of the system.
040005-7Papers in Physics, vol. 4, art. 040005 (2012) / R D Porasso et al.
0
5
10
15
20
25
N
0
5
10
15
20
25
N
0 10 20 30 40 50 60 70 80
time (ns)
0
5
10
15
20
25
N
0
25
50
75
100
0
25
50
75
100
0 10 20 30 40 50 60 70 80
time (ns)
0
25
50
75
100
(C)
(B)
(A)
Figure 9: Left column represents the number of cal-
cium ions involved in the lipid coordination along
time for a concentration of [CaCl2]= 0.25 N at dif-
ferent temperatures: (A) T = 330 K, (B) T = 340
K and (C) T = 350 K. The right column shows the
same information expressed as a percentage of the
total number of calcium ions in solution.
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